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Limitations of Attitude Estimation Algorithms
for Inertial/Magnetic Sensor Modules

eal-time tracking
of the orientation or
attitude of rigid
bodies has wide
applications in
robotics [1], helicopters [2],
teleoperation, augmented
reality, and virtual reality
[3]. Limb segment orien-
tation can be estimated
through the attachment of
an inertial/magnetic sensor
module to each segment as
depicted in Figure 1. Given
the length of each of the
segments, their estimated ori-
entation based on sensor mod-
ule data, and their arrangement
relative to one another, the posture
of the body can be determined. This
method of orientation and posture esti-
mation is desirable since it is not dependent
on any artificially generated reference signal and
does not suffer from any line of sight restrictions [4].
Inertial/magnetic sensor modules and their associated data fil-
tering algorithms are designed to be capable of estimating three
degrees of orientation over a wide area in a variety of unpre-
pared tracking environments. The sensor modules commonly
contain three linear accelerometers and three magnetometers.
The accelerometers are orthogonally mounted in a triad as are

the magnetometers. Sensor mod-
ules designed for more dynamic
applications may also contain
three orthogonally mounted
angular rate sensors for use
as a high-frequency data
source. Each of the triads
is mounted such that
there is an individual sen-
sor aligned with one of
the principle axes of the
coordinate frame of the
sensor module. Thus, the
total number of sensors
contained in modules
designed to provide data for
estimating orientation in
dynamic applications is com-
monly nine.
In orientation estimation algo-
rithms designed to process inertial/
magnetic sensor data, accelerometers are
used to measure the gravity vector relative to the
coordinate frame of the sensor module. Accelerometers
allow accurate determination of pitch and roll but cannot be
used to sense rotations about the gravity or vertical axis. Mag-
netometers are thus commonly used to measure azimuth or
rotation in the horizontal plane relative to a “fixed” reference.
The data from the incorporated sensors is normally fused using
a Kalman or complementary filtering algorithm. Foxlin et al.

Investigating the Effects of

Magnetic Variations on Inertial/
Magnetic Orientation Sensors

Digital Object Identifier 10.1109/M-RA.2007.901320

¥[) IEEE Robotics & Automation Magazine

1070-9932/07/$25.00©2007 IEEE SEPTEMBER 2007

© DIGITALVISION & PHOTODISC



describe two commercial sensor modules containing accelerom-
eters, magnetometers, and angular rate sensors designed for
head tracking applications [5], [6]. Sensor fusion is performed
using a complementary separate-bias Kalman filter. Bachman et
al. propose a quaternion-based complementary filter for human
body tracking [3], [7]. The filter is able to track through all ori-
entations without singularities and continuously correct for bias
and drift errors associated with low-cost angular rate sensors
without a need for stationary periods. Gallagher et al. present a
simpler complementary filter algorithm with lower computa-
tional complexity in [8]. Luinge describes a Kalman filter
designed for human body tracking applications in [9]. The pri-
mary difference between the work presented in this article and
that of Luinge is that Luinge does not use magnetometers. In
the absence of magnetometers, drift about the vertical axis is
reduced by limiting body segment orientation using a kinemat-
ic human body model. The kinematic model incorporates bio-
mechanical constraints on the joints. This method allows
calculation of accurate relative orientation between adjacent
segments. The proposed Kalman filter is useful for long periods
of measurement if only inclination is required. In [10], Zhu and
Zhou describe a linear Kalman filter algorithm designed to
smooth accelerometer and magnetometer readings. Rather than
estimating individual limb segment orientations relative to a
fixed reference frame, the system determines joint angles in
axis/angle form using data from the two sensor modules
mounted on the two segments adjacent to the joint. Kraft
describes an unscented, quaternion-based Kalman filter for real-
time estimation of a rigid body orientation [11]. Simulation
results demonstrate the general validity of the described filter.
Yan and Yuan describe a single-frame orientation tracking algo-
rithm that uses low-cost sensor modules to take two axis mea-
surements of gravity and the local magnetic field [12].
Elevation, roll, and azimuth angles are sequentially calculated
and the method is limited to orientation tracking within a
hemisphere. In [13], Gebre-Egziabher et al. describe another
single-frame attitude determination algorithm for aircraft appli-
cations. The algorithm is based on the QUEST (Quaternion
ESTimator) algorithm [14], which was originally designed to
determine spacecraft attitude given a set of three-dimensional
(3-D) reference vectors and their corresponding observation or
measurement vectors. In the case of [13], the local magnetic
field and gravity vectors are used as reference vectors.

In the above studies, with the exception of the work by
Luinge [9], both the gravity and local magnetic field vectors are
treated as fixed references. In the case of the gravity vector, the
assumption that it is fixed leads to no difficulties since this vec-
tor does in fact point straight down in any inertial frame located
on or near the surface of the earth. Making the same assump-
tion regarding the local magnetic field vector can, however, lead
to problems. In a typical room setting, the direction as well as
the magnitude of the local magnetic field vector can be expect-
ed to vary due to the presence of ferrous objects or electrical
appliances. Relative weighting can be used to reduce the weight
applied to magnetometer data in comparison to other sensor
information. However, slow drift about the vertical axis in the
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presence of a sustained change in the direction of the magnetic
field vector will still occur. Reducing the weight given to mag-
netic data does, however, make it possible to reduce orientation
errors resulting from transients in the local magnetic field. Such
weighting techniques allowing manual adjustment of magne-
tometer gains are described in [3], [5], and [8].

This article describes several experiments designed to
examine small-scale magnetic interference caused by typical
objects and how this interference can be expected to affect the
accuracy of orientation estimates produced using data from
inertial/magnetic sensor modules. The results provide insight
into the limitations of inertial/magnetic sensor module orien-
tation tracking. They indicate that while errors due to local
variations in a common room environment caused by individ-
ual objects can be significant, in most cases they can be avoid-
ed by maintaining a separation of approximately 1 m from the
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Figure 1. Prototype body tracking system based on
inertial/magnetic sensor modules.

IEEE Robotics & Automation Magazine @



Magnetic permeability is a constant
of proportionality that exists
between magnetic induction and
magnetic field intensity that can be
viewed as a measure of how easily
magnetic lines of flux will pass
through a given material.

source of interference. The interference caused by combined
sources in a noisy indoor environment can, however, be quite
complex. The results also indicate that inertial/magnetic sen-
sor modules can be used to track link orientation of a
mechanical arm relative to an Earth-fixed reference frame.

Background

The following paragraphs go deeper into the theory of orien-
tation estimation algorithms designed for inertial/magnetic
sensor modules and briefly describe three types of sensor
modules. Specifically, the modules discussed are the InterSense
InertiaCube, the MicroStrain 3DM-G, and the MARG III.
The MARG III was designed by the authors and manufac-
tured by McKinney Technology. Basic background on the
ambient magnetic field of the Earth and how it is distorted by
ferrous objects and electrically powered devices is then pro-
vided. Methods of calibrating magnetic field variations are
then discussed.

Inertial/Magnetic Sensor Modules

Inertial/magnetic sensor modules have be been fabricated by
both industry and university research laboratories. Filtering algo-
rithms designed for these sensor modules are based on inertial
and magnetic quantities directly related to the motion and ori-
entation of a sensor module. Algorithms designed for use with
inertial/magnetic sensor modules produce accurate orientation
estimates by taking advantage of the complementary nature of
the sensed quantities in order to determine orientation.

For a static or slow-moving rigid body, accelerometer triad
output can normally be averaged (or low pass filtered) for a
short period of time in order to measure the components of
the gravity vector in the sensor coordinate frame. Determina-
tion of the relationship of the measurement in the sensor
coordinate frame to the gravity vector in the Earth coordinate
frame allows estimation of orientation relative to the horizon-
tal plane. However, in the event that the sensor module is
rotated about the vertical axis, the projection of the gravity
vector on each of the principle axes of the accelerometer will
not change. Since the accelerometer triad cannot be used to
sense a rotation about the vertical axis, an orthogonally
mounted triad of magnetometers is commonly used to mea-
sure the local magnetic field vector in body coordinates and
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allow determination of orientation relative to the vertical.
Thus, combining magnetometer data with accelerometer data
provides a complete method for estimating the orientation.

Alternatively, assuming the initial orientation of the body is
known, integration of the output of a triad of orthogonally
mounted angular rate sensors provides another method of esti-
mating orientation. If the rate sensors are susceptible to noise
or bias effects, as is the case for the small low-cost sensors used
in inertial/magnetic sensor modules, these estimates become
useless after a short period. To avoid lag or overshoot in
dynamic applications, many inertial/magnetic sensor filtering
algorithms combine high-frequency angular rate sensor data
with low-frequency accelerometer and magnetometer data in
a complementary manner to produce continuously accurate
orientation estimates in real-time.

Based on the work of Foxlin, InterSense Inc. developed
and marketed a sensor module called the InertiaCube2. The
primary application for this module is head tracking. Manu-
facturer’s literature indicates that the InertiaCube2 is capable
of measuring angular rates, linear accelerations, and the local
magnetic field along three axes. Dimensions for the Inerti-
aCube2 are 29 mm x 24 mm x 34 mm. Orientation esti-
mates are made by a proprietary extended Kalman filter [5],
[6]. Manufacturer’s literature lists an accuracy of 1.0° and an
update rate of 180 Hz.

The Microstrain 3DM-G Gyro Enhanced Orientation
Sensor also contains a triad of orthogonally mounted angular
rate sensors, a triad of orthogonally mounted accelerometers,
and a triad of orthogonally mounted magnetometers. Sensor
data are processed by a proprietary filtering algorithm running
on an embedded microcontroller. Manufacturer’s literature
lists an accuracy of *5° for arbitrary orientations. Unlike the
InertiaCube2, unscaled as well as scaled raw data output are
available from this unit. The update rate is 76.6 Hz. Unit
dimensions are 65 mm X 90 mm x 25 mm.

The MARG III sensor module shown in Figure 2 is a
research prototype developed by the Modeling, Virtual Envi-
ronments and Simulation (MOVES) Institute at the Naval
Postgraduate School [15]. Primary sensing components for
this unit include Tokin CG-L43 ceramic rate gyros, Analog
Devices ADXL202E micromachined accelerometers, and
Honeywell HMC1051Z and HMC1052 one and two-axis
magnetometers. The MARG 1II sensor module incorporates
a Texas Instruments MSP430F149 ultra-low-power, 16-bit
RISC architecture microcontroller. Overall, dimensions are
approximately 18 mm x 30 mm x 25 mm. The sensor mod-
ule includes a magnetic set/reset circuit to cancel magnetome-
ter temperature drift and avoid magnetic saturation effects.
Various complementary and Kalman filters based on a quater-
nion representation of orientation have been used to process
MARG III sensor data [3], [16]. Estimation accuracy has been
measured to be better than 1°.

Magnetic Field Variations

Magnetic fields surround permanent magnets or electrical
conductors. They can be visualized as a collection of magnetic
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flux lines. Flux lines are said to emanate from a “north” pole
and return to a “south” pole in a magnet. Flux density, or
magnetic induction, is a measure of the number of flux lines
passing through a given cross sectional area. Magnetic field
strength is a measure of force produced by an electric current
or a permanent magnet. Magnetic field strength decreases
with the cube of the distance from the source. While magnet-
ic field strength and magnetic flux density are not the same,
they are equal within a vacuum. Magnetic permeability is a
constant of proportionality that exists between magnetic
induction and magnetic field intensity. It can be viewed as a
measure of how easily magnetic lines of flux will pass through
a given material. In the presence of an object made of a mate-
rial with a relatively high permeability, magnetic field lines
will bend toward or be attracted to the object. Thus, distor-
tion can be expected to occur near large ferrous objects [17].

The direction and magnitude of ambient magnetic field at
a given point is the vector sum of all magnetic fields present at
that point. The dominate field in most cases is that of the
Earth, which varies from approximately 0.23 to 0.61 Gauss.
However, additional magnetic fields caused by conductors
through which a current is flowing and magnets also con-
tribute to the total field at a given position. All contributing
fields will be distorted by objects made of materials with a
high magnetic permeability.

In an indoor environment, sources of magnetic interference
are constantly present and can include common items such as
computer monitors, fluorescent lighting, and powered-up elec-
trical wiring inside walls. Table 1 lists the fields generated by
some common appliances. In some cases the strength of the
generated field exceeds that of the Earth within a short dis-
tance of the appliance. If a magnetic sensor is placed in this
nearby area the generated field can be expected to have an
effect on the direction and magnitude of the field measured by
the sensor. Unless the field generated by the appliance happens
to be aligned with that of the Earth, the reported direction will
not be that of the Earth’s magnetic field. In a room-size envi-
ronment such fields would constitute local variations from the
average field in the room. It is variations of this type and their
effect on the orientation estimates produced by inertial mag-
netic sensors with which this article is concerned.

Magnetic Field Calibration

Magnetic distortions caused by ferrous objects that have a
fixed location and orientation relative to the magnetometers
being used to determine the direction of the local magnetic
field vector can be separated into two categories. These cate-
gories are hard iron and soft iron effects. Hard iron objects are
permanently magnetized. Soft iron objects are unmagnetized
unless under the influence of a magnetic field.

Hard iron effects add a constant offset to the vector mea-
sured by magnetometers making up an orthogonal triad. They
can be compensated for in the horizontal plane by rotating the
magnetometers together with the involved hard iron objects
and sampling at enough points in a circle to determine the
offset relative to the horizontal plane. Determination of all
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components of the offset requires rotation in more than one
plane. Unlike hard iron effects, soft iron eftects do not pro-
duce a constant offset. Soft iron influences are dependent on
orientation [19]. Thus, correcting for soft iron effects often
requires the construction of a heading dependent lookup table
[20]. Construction of a 3-D lookup table is difficult and time
consuming. Thus, in a strap-down navigation system, magnet-
ic readings are usually projected onto the horizontal plane
using a tilt sensor before corrections are made.

In general, calibration is best approached by removing any
soft iron materials and dealing with hard iron effects directly.
The magnetic properties of many materials are actually in
between those of soft and hard iron and change over time.
During a calibration performed at any given time, the effects
of such subpermanent materials will appear to be permanent
like hard iron. However, since the effects observed are not
truly permanent, calibration procedures must be repeated on a
periodic basis [17].
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Figure 2. MARG Il inertial/magnetic sensor module.

Table 1. Common magnetic field magnitudes

in Gauss at 15 and 30 cm (adapted from [18]).

Distance Distance
(15 cm) (30 cm)
Field Field
(Gauss) (Gauss)
Can Opener 1.60 0.27
Electric Saw 1.20 0.25
Vacuum Cleaner 0.75 0.20
Electric Shaver 0.65 0.10
Mixer 0.61 0.11
Hair Dryer 0.50 0.07
Electric Drill 0.20 0.03
Portable Heater 0.15 0.04
Fluorescent 0.13 0.04
Light Fixture
Fan (Range Hood) 0.09 0.03
Television 0.07 0.02
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In an indoor environment,
sources of magnetic interference
are constantly present and

can include common items

such as computer monitors,
fluorescent lighting, and
powered-up electrical wiring
inside walls.

It should be emphasized that the above discussion of calibra-
tion focuses only on effects caused by objects that have a fixed
position and orientation relative to a magnetic sensor. In a
tracking application, moving inertial/magnetic sensor modules
can be expected to constantly change position and orientation
relative to ferrous objects and other sources of magnetic distor-
tion. These magnetic distortions will not only change from
position to position but can also be expected to change over
time as the configuration of the tracking area itself changes. The
nature of these distortions and their possible effects on orienta-
tion estimation algorithms designed for inertial/magnetic sensor
modules is the primary focus of this article.

An Experimental Investigation

Inertial/magnetic sensor module filtering algorithms are depen-
dent on sensing the local magnetic field to eliminate drift in the
azimuth portion of orientation estimates. Given that variations
in the direction and magnitude of the ambient magnetic field
can be expected to occur as a result of the presence of ferrous
materials and electrical appliances operating in the tracking
environment, what type of estimation errors can be expected
and how large can the estimation errors be expected to be?
Knowing the answer to this question provides insight into when
inertial/magnetic sensor modules can be expected to work
properly with minimal estimation error and what type of algo-
rithm modifications could be expected to improve perfor-
mance. The experiments described below attempt to answer
this question. In the first series of experiments, several types of
sensor modules are subjected to controlled changes in the direc-
tion and strength of the sensed magnetic field in order to char-
acterize the resulting orientation estimation errors [21]. The
second set of experiments involve exposing a triad of magne-
tometers to magnetic fields generated by various electrical
appliances and ferrous objects in order to examine the magni-
tude of the errors and the range at which they occur. In the last
set of experiments, a robot arm is tracked using inertial/mag-
netic sensor modules and an optical tracking system.

Errors Caused by Change in Magnetic Field Direction

In the first series of experiments, magnetic field variations
were applied to the three types of sensor modules to measure
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the deviation in their orientation estimates due to the change
in the sensed magnetic field. The change was generated using
a Helmholtz coil. The sensors were placed inside the coil to
observe how the orientation estimate would change as
changes to the local direction of the local magnetic field were
applied. The three different sensor modules tested were the
MARG III, the MicroStrain 3DM-G, and the InterSense
InertiaCube?2.

Initial calibration data for the Helmholtz coil was obtained
by applying different currents to it and measuring the induced
field with a Hall probe. This initial data allowed decisions to
be made regarding how much current was necessary to pro-
duce the desired magnetic inductions to be applied to the
three different inertial/magnetic sensors. The selected mag-
netic field level was chosen to be on the order of the Earth’s
main field. The voltage that was necessary to reach the
required magnetic induction was calculated using linear least
square fit.

During the experiments, the Helmholtz coil was posi-
tioned to attempt to generate a magnetic induction that
would be reversed approximately 180° in azimuth from the
Earth’s magnetic field. In most cases, the actual measured
change ranged between 160° and 180° due to imprecise align-
ment of the coil relative to the local magnetic field vector.
Each sensor module was placed in eight different orientations
within the field generated by the Helmholtz coil. For each of
the orientations the coil was energized to observe the type
and magnitude of change that occurred in the orientation
estimate produced by the sensor and its associated filtering
algorithm [21].

The data plots from these experiments show a period of
measuring the Earth’s ambient magnetic field, followed by a
period in which the Helmholtz coil was energized for 20 to 30
seconds. Following the energized period, the coil was de-ener-
gized and the plots reflect the return to sensing only the ambi-
ent field of the laboratory. The change in the direction and
magnitude of the magnetic field vector is depicted in Figure 3.
Energizing the coil caused the azimuth direction of the mag-
netic field vector to change from 0° to 180°. There was no sig-
nificant change in the y (East) component of the vector. Since
the coil was level, the z component of the magnetic field vec-
tor also remained unchanged. Prior to energizing of the coil,
the magnetic field vector pointed North with a dip angle
below the horizontal of 76°. While the coil was energized, the
magnetic field vector pointed South with a negative elevation
angle of 32°. Thus, in this series of experiments, not only were
the sensor modules exposed to a full reversal of the azimuth
direction of the magnetic field vector. Depending on their ini-
tial orientation relative to the magnetic field, the sensor mod-
ules were also exposed to a change in pitch, roll, or some
combination of the two, totaling approximately 44°.

For visualization purposes, all orientation estimates pro-
duced by the sensors are displayed in Euler angle form. In the
experiments presented here, the sensor modules were oriented
in a North-East-Down reference orientation with the x axis
of the module pointing towards the local North, the y axis
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pointing East, and the z axis pointing
down. At no time was a sensor actually
rotated before, during, or after the appli-
cation of the altered magnetic field.
Figure 4 and Figure 5 show the
responses for the MARG III and
MicroStrain 3DM-G, respectively, when
the magnetic field was altered using the
Helmbholtz coil. In Figure 4, the MARG
III was placed within the Hemholtz coil
with an initial orientation of 2° roll, 10°
yaw, and 3° pitch. Calibration of the
MARG III does not account for
nonorthogonality within the magne-
tometer triad. Thus, small changes and
hysteresis can be seen in the roll and
pitch estimates and the yaw estimate
changes by an amount that is slightly less
than the change in azimuth that
occurred in the direction of the magnet-
ic field. The smooth response of the
MARG III filtering algorithm is due to
the particular gain values used in the
experiment. In Figure 5, the MicroS-
train 3DM-G had an initial orientation
of 2° roll, 13° yaw, and 0° pitch. Ener-
gizing the coil caused a 165° change in
the yaw estimate produced by the sensor
module. This change was equal in mag-
nitude to the measured change in
azimuth. No significant changes were
observed in the roll and pitch estimates.
The tuning of the orientation estimation
algorithm provides an extremely sharp
response to the change in the magnetic
field direction. Both the MARG and
MicroStrain sensors responded to the
change in the sensed magnetic field by
altering the yaw portion of their orien-
tation estimates by an amount that was
equal to measured azimuth change pro-
duced by the Helmholtz coil. Neither
showed significant change in their roll
and pitch estimates despite the fact that
the direction of the magnetic field had
changed both pitch angle and azimuth
angle as depicted in Figure 3. This was
true regardless of the orientation of the
sensor modules relative to the coil. This
is significant since it indicates the errors
due to magnetic variation are restricted
only to the horizontal plane. The esti-
mates of pitch and roll are not affected
by changes in the magnetic field direc-
tion for the sensors and algorithms test-
ed [21].

This is in contrast to some
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Figure 3. Depiction of total change in the direction and magnitude of the magnetic
field vector (East is directly out of the page).
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orientation algorithms such as the QUEST [14], where such a
change in the direction of the magnetic field will cause an
error in both azimuth and pitch.

Figure 6 shows the response of the InertiaCube2 to the
same magnetic variations as used in the experiments depicted
in Figure 4 and Figure 5. Like the other sensors the orienta-
tion estimate changes only in azimuth. However, examination
of Figure 6 indicates that unlike the other sensors, the estimat-
ed orientation produced by the InertiaCube2 algorithm
changed by approximately 90° instead of 180°.

In order to investigate the response of the InertiaCube2
further, additional experiments were performed. In Figure 7,
the sensor was again left in the same position within the
Helmbholtz coil. The coil was energized for approximately 30
seconds. Unlike previous experiments, during the time when
the magnetic field was changing the sensor was physically
tapped. This caused the estimated azimuth to proceed through
a change that is similar to that observed with the other two
sensor modules. Euler angle azimuth is bounded between

180° and -180°. Though the change is expressed as -180°, it is
equivalent to the positive 180° change seen with the other
two sensor modules. The knee seen in the trailing edge of
Figure 7 is most likely the result of nonzero angular rate read-
ings caused by tapping of the sensor module while the coil
was being de-energized. These results indicate that the filter-
ing algorithm of the InetiaCube2 will not accept changes in
its orientation estimate without some accompanying nonzero
reading from the angular rate sensors.

Based on the results of experiments described above, it
appears that unlike active magnetic trackers that suffer estima-
tion errors in all dimensions due to magnetic variations [22],
variations in the direction of the local magnetic field only cause
estimation errors in azimuth or the horizontal plan. The mag-
nitude of the errors appears to be equal to the amount of devi-
ation of the local magnetic field in the horizontal plane. No
significant change was observed in the pitch and roll estimates
produced by the three tested algorithms. These experimental
results indicate that the dip angle itself or changes in the dip

angle of the local magnetic field vector have no

bearing on the accuracy or amount of variation
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two types of experiments were performed. Initial
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experiments measured the magnetic field variation
experienced at varying distances from several test
objects. Later experiments measured the change in
direction of the magnetic field vector at several
positions in a magnetically noisy laboratory. The
MARG III filtering algorithm utilizes a normal-
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ized magnetic field vector of unit length and is

Figure 6. Undisturbed InertiaCube 2 response to 180° change in the

magnetic field direction.

thus not affected by changes in the length of the
magnetic field vector [3]. Based on manufacturer’s
literature, the algorithms associated with the Iner-
tiaCube and 3DM-G are similar in this regard.

InertiaCube2 Sensor
(+x North) (+z Down)

— Pitch— Yaw— Ruoll

Therefore, the experimental results presented here
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The experiments described above establish that
changes in the direction of the magnetic field ori-
entation result only in azimuth errors for the ori-
entation estimation algorithms associated with the
tested sensor modules. Therefore, in the experi-
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ments described in this section, only magnetic
deviation in the horizontal plane is examined.

To measure the magnetic deviation in the hori-
zontal plane caused by test objects, a track was
constructed using nonferrous materials and set so
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that the orientation of an inertial/magnetic sensor
module could be held constant as the sensor was

Figure 7. Disturbed InertiaCube 2 response to 180° change in the mag-

netic field direction.
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moved through successive positions approaching
each object. The sensor module was placed at 18
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locations with each successive location being 10 cm closer to
the test object. In the final position the sensor module was
within 1 cm of the test object. This set-up allowed the direc-
tion of the magnetic field vector to be measured since the sen-
sor module orientation was kept constant. The test objects
included:
¢ computer monitor (CRT type), powered and unpow-
ered states
o simple appliance (small space heater with fan), powered
and unpowered states
o clectrical power supply, powered and unpowered

Figure 9 shows two subplots of data from experiments in
which a portable heater was used as a test object. In the first
experiment both the heater fan and heating elements were
off. In the second experiment both the fan and the heating
elements were on. Examination of the two subplots indicates
that the average amount of magnetic field deviation is signifi-
cantly greater when the heater is turned on and increases dra-
matically as the sensor is brought in close proximity to the
appliance. The standard deviations of the data taken at each
position also increase significantly as the sensor is brought

states
o metal filing cabinet
# mobile robot, unpowered, powered, and motor 80
engaged. ~ 60
The MicroStrain 3DM-G sensor module is factory Y 40
calibrated and allows access to scaled sensor output from 2
each of the nine sensors in the module. The magne- <20
tometer triad in the 3DM-G sensor was used to mea- 0
sure the magnetic field direction in these experiments. 1
Prior to examination of the deviations caused by
the test objects, a baseline was established by measur-
ing the change in magnetic field direction with no 80
object present. In the baseline case, the direction of
the magnetic field in the horizontal plane deviated less Rl
the 1.6° as the sensor module was moved a distance of L 40
180 cm down the test track. This deviation is attrib- < 20

uted to noise in the ambient magnetic field of the lab- 0

oratory. Comparison of these baseline deviations for ]

each sampling position to the deviations that occurred
when each of the test objects was present allows a
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more thorough understanding of the effects each
object has on the magnetic field. The baseline was
sampled before and after the experiments were con-
ducted. This action helped to insure that no significant

Figure 8. Magnetic field vector deviation in the horizontal plane versus
distance from a PC monitor in both (a) unpowered and (b) powered states.

changes had occurred in the ambient magnetic field of
the laboratory during the course of the experiments.
Figure 8 contains two subplots of data from experi-

ments in which a CRT computer monitor was the test 100§ — Baseline Deviation i
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displayed along with the average deviations that occurred
when the monitor was present. The top subplot displays
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impact from this appliance can be observed to almost 40

cm of separation distance. In both cases, the computer
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monitor causes a maximum average deflection of 10.5°  Figure 9. Magnetic field vector deviation versus distance from an appli-

in the magnetic field relative to the horizontal plane. ance (space heater) in both (a) unpowered and (b) powered states.
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closer to the running heater. This fluctuation is most likely
due to the use of alternating current to power the appliance.
With the heater in a powered-off state, the largest average
deviation is 20.5°. With the heater turned on, the largest aver-
age deviation is nearly 90°. In both cases deviation caused by
the heater did not begin to occur until the sensor module was
within 30 ¢cm of the heater.

Figure 10 shows two subplots of data from experiments in
which an electrical power supply was used as a test object. In the
first experiment the power supply is off. In the second experi-
ment it is turned on and supplying power. The two subplots are

very similar. The standard deviations of the data taken at each
position are relatively small again indicating the deviation is dc in
nature. In both subplots, the maximum average deviation is
between 60° and 70°. The deviation due to the presence of the
power supply begins to occur at a distance of nearly 1 m.

Figure 11 presents the deviation in the sensed magnetic
field vector as the magnetometer triad of the sensor module
approached a large metal filing cabinet. The deviations for this
test object are the largest of any observed in the experiments
described in this article. Large standard deviations for the data
samples for each of the positions are not observed, indicating

Deviation of the Magnetic Field Vector in the Horizontal Plane

(0]8
o —20¢
2 0. ——
2 — Baseline Deviation
< —60r | — Test Object Deviation |- : 1
-80+ : |

180 160 140 120 100 80 60 40 20 O
Distance from the Test Object (cm)

(a)

OF ]

& —20r 1

2 -40r : = 1
c — Baseline Deviation

< 60 |— Test Object Deviation |- : 1

—-80+ 4

140 120 100 80 60 40 20 0
Distance from the Test Object (cm)

(b)

180 160

Figure 10. Magnetic field vector deviation versus distance
from an electrical power supply in both (a) unpowered and (b)
powered states.
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Figure 12. Magnetic field vector deviation versus distance
from a mobile robot in (a) motor-engaged, (b) systems-on, and
(c) power-off states.
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Figure 11. Magnetic field vector deviation versus distance
from a metal filing cabinet.
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Figure 13. Ambient magnetic field azimuth direction sampled
at 10 cm intervals in a laboratory.
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that the magnetic field deviation was constant in nature. The
maximum deflection caused by the filing cabinet is 99.5° and
begins at a distance of 1.5 m.

The final test object presented is a Nomad Scout mobile
robot. Magnetic deviation due to the presence of the robot was
examined with the robot in three different states. These three
states correspond to the three subplots in Figure 12. The bot-
tom subplot displays the deviation induced by the robot when it
is in an unpowered state. In the middle subplot, all electronic
systems of the mobile robot were energized with the exception
of the motor used to move the robot. The data displayed in the
top subplot were collected while all robot systems were pow-
ered and the motors were engaged. The robot was placed on a
stand so that its wheels could rotate freely. The maximum
amount of average deviation observed for the robot is about 9°.
This includes the case in which the motors were engaged. The
standard deviation of the data for each position is relatively
small. No deviation is observed beyond a distance of 40 cm.

Another set of experiments was conducted to examine the
amount of variation that can be expected to occur in a labora-
tory environment in which numerous sources of magnetic noise
are present. In these experiments, the azimuth direction of the
magnetic field was measured at 25 positions at 10 cm intervals
along a straight line with the sensor module orientation being
held constant. As the sensor module being used to collect mea-
surement data was moved it came within close proximity to
numerous pieces of lab equipment simultaneously. The equip-
ment included computer monitors, printers, mobile robots,
servo control stations, and other miscellaneous lab equipment.
Figure 13 contains subplots for two straight line samples. In the
upper subplot, the azimuth direction of the magnetic field
varies approximately 16°, with the maximum change between
two adjacent positions being 13.1°. In the lower subplot, the
azimuth direction of the magnetic field varies slightly less than
13°. The average difference from position to position is less than
3° for both trials. The accruing differ-
ence in the magnetic azimuth direction
seen in the upper plot indicates the
presence of a large-scale magnetic dis-
turbance in the lab.

Opverall, experiments in which the
magnetic field variation caused by indi-
vidual test objects was examined indicate
that when inertial/magnetic sensor
modules are separated by a distance of 1
m or more from most common appli-
ances and ferrous objects the amount of
azimuth error induced by those objects
will be negligible. The amount of varia-
tion caused by different types of objects
can vary significantly. The experimental
results demonstrate that while inclina-
tion estimates can be expected to remain
valid in close proximity to objects caus-

mates produced by the implemented algorithms had very little
relation to the true orientation of the sensor module and can
vary by as much as 100°. In other tests, azimuth estimates varied
less than 10°. Experiments in which sensor modules were
exposed to multiple sources of distortion simultaneously in a
crowded laboratory environment show that azimuth estimates
produced using a sensor module with a constant orientation can
be significantly different for closely spaced positions. However,
on average, differences in estimated azimuth from one position
to another nearby position are much smaller.

Tracking a Robot Arm

The final experiments described in this article are designed to
determine if inertial/magnetic sensor modules can be used to
accurately track the orientation of the links of a robot arm
made of ferrous materials. In these experiments a SCOR-
BOT-ER III robot arm and three MicroStrain 3DM-G were
utilized. The experiments concerning magnetic effects dis-
cussed above established that the response of the three differ-
ent sensor modules to magnetic variations is essentially the
same. In these tracking experiments, one 3DMG was securely
attached to each link of the arm. While robot encoders pro-
vide incremental joint angle readings, use of these angles to
obtain orientation estimates relative to an Earth-fixed refer-
ence frame requires forward kinematics and calibration, and
the accuracy of the orientation estimates cannot be ascertained
for this robot arm. As a result, the arm was also tracked using
a Qualysis optical tracking system as depicted in Figure 14.
The Qualysis system can be used to perform passive optical
three degree-of-freedom position tracking and six degree-of-
freedom tracking of designated rigid bodies on which four
passive markers are mounted. Manufacturer’s literature states
that position accuracy is 0.1% of the field of view. The robot
arm was contained in a 1-m?> tracking volume. The Qualysis
system utilized seven proflex cameras positioned around the

ing distortions in the local magnetic
field, in some cases the azimuth esti-
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Figure 14. SCORBOT-ER Ill robot arm instrumented for tracking with both
inertial/magnetic sensor modules and an optical tracking system.
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tracking volume. In the experiments discussed here, 17 passive
markers were used to track the position of the outboard end
of each link and the orientation of the inertial/magnetic sen-
sor module attached to each link. Each link was defined as a
rigid body by placing four markers on the surface of the
attached inertial/magnetic sensor. The geometric center of
these four markers served as the origin of the local coordinate
system of each segment. Following calibration, maximum
residual error for all cameras was less than 1.127 mm. These
calibration results indicate that the system was tracking to 1-
mm accuracy as would be expected given the size of the
tracking volume. Update rate for the optical tracking system
was 60 Hz. Given this accuracy, data produced by this system
were treated as a reference in these experiments.

Figure 15 shows a comparison of the orientation estimates
produced using an inertial/magnetic sensor module and an opti-
cal tracking system while simultaneously tracking the robot arm.
During the experiment, the robot arm was programmed to
repeatedly trace an inclined square pattern with its end effecter.
Due to a limited number of degrees of freedom in the arm, the
programmed pattern did not require any of the tracked arm seg-
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Figure 15. Comparison of yaw and pitch orientation estimates
for a robot arm segment produced by an optical tracking sys-
tem and an inertial/magnetic sensor module.
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ments to roll. In Figure 15, yaw and pitch are shown for the
most outboard end inertial/magnetic sensor. Examination of the
Figure 15 shows that both tracking technologies produced very
similar motion plots. Maximum steady-state difference between
the orientation estimates produced using inertial/magnetic sen-
sors and optical tracking is less than 2.5° in both subplots. This
accuracy was achieved by the inertial/magnetic sensors despite
the largely ferrous nature of the material of which the robot arm
was constructed and the presence and operation of several servo
motors used to position and move the arm.

Conclusions and Discussion

The direction of the local magnetic field vector can be altered by
the presence of operating electrical appliances or objects made of
ferrous materials. The assumption made by orientation estimation
algorithms that the direction of the local magnetic field is static
makes the algorithms susceptible to errors as the sensor modules
are moved from one position to another within a tracking vol-
ume. In the algorithms tested, the errors appear only in the
azimuth portions of the orientation estimates produced. These
errors will be roughly equal in size to the amount the magnetic
field deviates in the horizontal plane from the original reference.

The amount of deviation caused by appliances and ferrous
objects can range from very small to very large. The horizon-
tal deviation of the magnetic field was measured for several
common objects. Maximum deviation ranged from 10.5° to
nearly 100°. Experimental data presented here indicate that
such deviations can be largely avoided by maintaining a dis-
tance of approximately 1 m from the source of interference.
Only one of the objects caused a horizontal plane deviation at
a distance of more than one meter. For this object, horizontal
plan deviations did not exceed 4° when at a distance of more
than 1 m. For many of the objects, no deviation was observed
beyond a distance of a half meter. However, in an indoor
environment containing numerous sources of interference, it
can be difficult to determine which objects are the major con-
tributors to magnetic field deflections and the magnetic field
can vary significantly between closely spaced positions.

Despite all the above, the tracking experiments indicate that
inertial/magnetic sensor modules can be used to track posture
with an accuracy that is comparable to optical tracking. The
accuracy of the orientation estimates while tracking a robot arm
using data from inertial/magnetic sensor modules indicates that
such modules can be used to accurately track orientation in envi-
ronments and applications in which operating motors and ferrous
objects are present. However, given the current state of the art of
orientation estimation algorithms designed to process
inertial/magnetic sensor module data, they should not be used in
an application without first investigating the nature of the mag-
netic field in the environment in which they will utilized. While
Rotenberg et al. have begun the investigation of modified algo-
rithms designed to alleviate the effects of magnetic variations in
[23], further work is needed. This work should include an inves-
tigation of the use of arrays of sensor modules placed at slightly
different positions and a method of estimating the relative amount
of interference to which each individual module is exposed.
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